T he existence of a biological circadian rhythm is thought to help prepare animals for the switch from a foraging "active period" to a sleeping "rest period." The cardiovascular system is central to normal functioning of the individual and it is not surprising that strong diurnal variations are found in many hemodynamic parameters, with a morning peak in stroke volume, heart rate and blood pressure in man 1,2 corresponding to a night peak in nocturnal animals. 3 In the cardiovascular system, these cycles were originally thought to be driven by external influences, such as an increase in circulating epinephrine and norepinephrine in the morning, reflecting diurnal patterns of sympathetic activity that also peak early in the morning. 4, 5 More recently, the myocardial cells have been shown to possess the key molecular elements that constitute the circadian clock, 6, 7 and it has been proposed that much of the diurnal variation in ventricular function reflects variation in gene transcription regulated by a complex interaction of extracellular neurohumoral influences and the central and peripheral circadian clock. 8, 9 Indeed, Ͼ10% of rat cardiac genes are now known to show diurnal variation. 10 The morning prevalence of many pathological cardiovascular events is well documented, and it is possible that the diurnal variations in gene transcription and the resulting impact on cardiac function may contribute to the morning peak in these events. 8, 9 For example, the risk to development of congestive heart failure increases in patients who have their myocardial infarction early in the morning, 11, 12 possibly reflecting an increased sensitivity to oxidative stress and Ca 2ϩ regulation, and the incidence of sudden cardiac death resulting from ventricular arrhythmias, exhibits a similar circadian variability as sympathetic activity. [13] [14] [15] Young and colleagues have shown a strong diurnal pattern of gene expression of many key metabolic enzymes in the heart that displays a similar pattern as the intrinsic circadian clock and genes. Furthermore, they linked this variation in metabolic enzymes with a noticeable peak in power, carbohydrate oxidation and oxygen consumption during the active period of rats. 16 However, less is known about the impact of the diurnal rhythms on excitation-contraction (E-C) coupling mechanisms.
We have therefore set out to determine whether there are any diurnal variations in E-C coupling in rat ventricular myocytes with particular reference to Ca 2ϩ -homeostasis. As there is strong diurnal variation in sympathetic activity, which may impact on arrhythmia generation in disease conditions, 17, 18 we also looked at the impact of ␤-adrenergic stimulation on contraction and L-type Ca 2ϩ current density and its impact in arrhythmia generation.
Methods
Adult male Wistar rats (Ϸ300 g) were housed in environmentally controlled rooms (12-hour light/dark cycle) in the Division of Biomedical Services at the University of Leicester. Left ventricular myocytes were isolated either during the resting period (3 hours after lights were turned on) or the active period (3 hours after lights were turned off). Many hemodynamic parameters exhibit diurnal cycling, including stroke volume, which dips during the animals rest period. 19 To determine whether this reflects changes to E-C coupling of the ventricular muscle, we measured [Ca 2ϩ ] i in myocytes isolated during the resting and active periods of the rat, superfused with normal Tyrode and electrically stimulated at 1Hz. Paradoxically, the basal diastolic and systolic [Ca 2ϩ ] i was significantly higher in the resting period than the active period myocytes, and this correlated with a greater percentage of cell shortening in resting period myocytes (Table 1) . We also found that the rate of relaxation of the electrically evoked Ca 2ϩ transient was significantly faster in the resting period myocytes, suggesting enhanced sarcoplasmic reticulum (SR) Ca 2ϩ -ATPase (SERCA-2A) activity. Consistent with the higher systolic [Ca 2ϩ ] i and enhanced rate of relaxation of the Ca 2ϩ transient, the resting period myocytes had a higher SR Ca 2ϩ content, indicated by the peak Ca 2ϩ -release in response to caffeine (Table 1) . There was no difference in the rate of relaxation of the caffeine-induced Ca 2ϩ transient, suggesting no diurnal cycling of sodium/calcium exchange (NCX) activity. However, the peak L-type Ca 2ϩ current showed a reverse dependency on time of day, with a higher current density in active period myocytes (PϽ0.01). period. 20 To determine the impact of sympathetic activity on E-C coupling, [Ca 2ϩ ] i was recorded during stimulation with isoproterenol (ISO). In reverse to the findings in mouse hearts, the increase in systolic [Ca 2ϩ ] i in response to ISO was significantly greater during the resting period at concentrations Ͼ3 nmol/L, with the maximal systolic Because an increase in the L-type Ca 2ϩ current is in part responsible for the positive inotropic effect of ISO, albeit limited in the rat heart, we also determined the effect of ISO (10 nmol/L) on the L-type Ca 2ϩ current. ISO caused a significantly larger increase in L-type Ca 2ϩ current in resting period compared with active period myocytes and shifted voltage dependence of the peak Ca 2ϩ current from 0 mV to Ϫ10 mV in resting period but not active period myocytes ( Figure 2 ). However, because of the smaller basal current density in resting period myocytes, the overall peak current density recorded in ISO was not significantly different between time points.
The Increase in the Ca

Ventricular Myocytes Isolated From Rat Hearts During the Active Period Are Less Sensitive to ISO-Induced Arrhythmias
Maximal stimulation of ␤-adrenergic receptors with high concentrations of ISO can result in the development of arrhythmic activity, because of afterdepolarizations. 21 As we found a diurnal variation in the response of myocytes to ISO, we looked at the induction of arrhythmic activity in field-stimulated ventricular myocytes during exposure to increasing concentrations of ISO. Significantly more resting period than active period myocytes developed arrhythmic activity following simulation with 3, 10, 50 nmol/L ISO for 5 minutes (PϽ0.05, Figure 3 ). The arrhythmic activity was seen as extrasystoles occurring after relaxation had occurred, suggestive of delayed afterdepolarization-initiated extrasystoles. Indeed, in a separate set of experiments we measured electric activity from single resting period myocytes, and only detected the presence of 
NO Synthase Is Involved in the Diurnal Variation in the Response of Ventricular Myocytes to ISO
ISO is a nonselective ␤-adrenergic agonist that stimulates ␤1, -2, and -3 receptors. Whereas activation of both ␤1 and ␤2 receptors results in a positive inotropy, in part because of an increase in the L-type Ca 2ϩ current and SR Ca 2ϩ loading, activation of ␤3 receptors is known to have a negative inotropic effect through the action of NO. 22, 23 We therefore investigated the effects of NO synthase (NOS) inhibition with a nonselective NOS inhibitor, N -nitro-Larginine (L-NNA), on the ISO-induced increase in systolic [Ca 2ϩ ] i and the L-type Ca 2ϩ current density in resting period and active period myocytes.
The increase in systolic [Ca 2ϩ ] i in response to a submaximal concentration of ISO (5 nmol/L) is greater in the resting period than the active period myocytes (Figures 1  and 4A ). However, L-NNA (500mol/L) induce a further increase in systolic [Ca 2ϩ ] i which was significantly greater in active period myocytes (PϽ0.001, Figure 4A ). In a similar manner, the L-type Ca 2ϩ current recorded following ISO stimulation was only significantly increased by NOS inhibition in active period myocytes ( Figure 4B ). The data suggest an involvement of NOS signaling in the depressed response of myocytes, isolated during the active period, to ISO stimulation.
Neuronal NOS Is Responsible for the Reduced Response of Active Period Myocytes to ISO Stimulation
We performed quantitative RT-PCR analysis of the key E-C coupling genes, to determine whether levels of gene expression of key elements involved in E-C coupling might contribute to our observed differences between resting and active period myocytes. There was no significant difference in L-type Ca 2ϩ channel, SERCA-2A, phospholamban, or ryanodine receptor 2 gene expression; whereas NCX1 and ␤1-adrenoreceptor were both significantly higher in active period myocytes, although in the case of NCX1 this was a modest difference (Table 2) .
Because activity of both endothelial (e)NOS and neuronal (n)NOS has been linked to sympathetic stimulation through an increase in [Ca 2ϩ ] i and ␤3-adrenoreceptor activation, we performed quantitative RT-PCR analysis of nNOS and eNOS on snap-frozen tissue from the left ventricular free-wall of hearts taken during the resting and active period of the animal. We found a significant and large difference in nNOS expression with 5.04-fold increase in expression in ventricular muscle isolated from active period compared to resting period hearts, a profile that also existed in isolated ventricular myocytes, albeit less pronounced at 2.65-fold (PϽ0.05, Table 2 ). We also found that inhibition of nNOS with the specific inhibitor Figure 5B ).
N-[(4S)-4-amino-5-[(2-aminoethyl)amino]pentyl]-NЈ-
Ventricular Function of Isolated Rat Hearts Exhibits a nNOS-Dependent Diurnal Variation to ISO Stimulation
To determine whether the involvement of nNOS in the diurnal responsiveness of isolated myocytes to ISO stimulation impacts on function in the intact heart, we measured LVDP in ex vivo Langendorff perfused hearts isolated during the resting and active period of the rat, electrically paced at 4Hz. LVDP was greater during the resting period of the animal at 79.7Ϯ5.6 mm Hg compared with 69.3Ϯ3.2 mm Hg in the active period, but this was not significant (Pϭ0.09). However, resting period hearts were significantly more responsive to ISO (50 nmol/L; PϽ0.01). Moreover, inhibition of nNOS with 4-AAPNT (200 nmol/L) during ISO stimulation increased LVDP significantly in active period hearts (PϽ0.001; Figure 6 ). These data confirm that the diurnal variations we observe in isolated myocytes are reflected in the whole heart.
Discussion
Many key variables of the cardiovascular system exhibit diurnal patterns, some of which may be attributable directly to the heart, reflecting changes in E-C coupling of the individual ventricular myocytes. Our study shows for the first time, a diurnal variation in E-C coupling of myocytes, with basal systolic [Ca 2ϩ ] i and contraction strengths significantly higher in myocytes isolated during the resting period of the nocturnal rat. However, the opposite was true for the L-type Ca 2ϩ current, which was significantly higher in myocytes isolated during the active period. In addition, the increase in systolic [Ca 2ϩ ] i in response ISO showed significant diurnal variation, with a greater maximal stimulation of systolic [Ca 2ϩ ] i and a greater increase in SR Ca 2ϩ loading, in myocytes isolated during the resting period. This was reflected by a higher percentage of resting period myocytes developing arrhythmic activity during stimulation with ISO. Furthermore, we have shown that this diurnal variation in responsiveness to ␤-adrenergic stimulation with ISO is dependent on nNOS activity.
Diurnal Variation in Basal E-C Coupling
It is now believed that diurnal variations in physiological function are not simple responses of the animal reacting to its environment, rather they result from a complex interplay between extracellular stimuli such as autonomic function and the intrinsic circadian clock. Our data show that the basal systolic [Ca 2ϩ ] i , and contraction strength is, paradoxically, lower in myocytes isolated during the active period of the rat. The reduction in Ca 2ϩ transient during the active period was not attributable to a smaller L-type Ca 2ϩ current, which was found to have a reverse diurnal pattern, peaking during the active period. The lower Ca 2ϩ transient in active period myocytes is therefore likely to result from changes to SR function.
Consistent with this, we found a slower rate of relaxation of the Ca 2ϩ transient in active period myocytes, suggestive of a reduction in SERCA-2A activity, which would account for the reduction in SR Ca 2ϩ loading in active period myocytes. We did not find any diurnal variation in SERCA-2A, phospholamban, or ryanodine receptor 2 mRNA levels, suggesting a posttranslational modification of SR activity, possibly involving NOS signaling. Indeed, a role for endogenous NOS in basal contraction of the heart is apparent from genetic studies. 24 -27 However, the different NOS isoforms are thought to have localized effects, because they are restricted within cell. 27, 28 For example, eNOS is restricted to the caveolae where it is thought to target L-type Ca 2ϩ current 29 and nNOS both to the SR 28, 30 and sarcolemmal. 31 The SR has been identified as a target for nNOS signaling, with myocytes from nNOS Ϫ/Ϫ exhibiting increased Ca 2ϩ transient and SR Ca 2ϩ load but paradoxically a reduction in the rate of decay of the Ca 2ϩ transient, suggesting a reduction in SERCA activity. 26, 30 However, in a nNOS overexpression model, contraction strength, Ca 2ϩ transient amplitude and SR Ca 2ϩ loading were decreased but this was coupled to a reduction in the rate of relaxation and decay of the Ca 2ϩ transient. 24 The latter findings are consistent with the findings of our study, where the rate of relaxation of the Ca 2ϩ transient is reduced and SR Ca 2ϩ load decreased in active period myocytes that have increased expression of nNOS (2.65-fold). Any additional effects on the NCX was also not suggested either from mRNA levels, which varied slightly raised in active myocytes, or the rate of relaxation of the caffeine-induced Ca 2ϩ transient.
Diurnal Variation in ␤-Adrenergic Stimulation Reflect Changes in nNOS Activity
In addition to the diurnal variations in the basal inotropic state of myocytes, we also found a significant depression in response of the Ca 2ϩ transient of active period myocytes to ISO, which was mirrored by the response of LVDP of isolated hearts, and which were both reversed by inhibition of nNOS. The inotropic response of cardiomyocytes to ␤-adrenergic stimulation has been shown to be modulated by endogenous NOS using gene deletion mice, although the reports vary in their findings for nNOS compared to eNOS. For example, Barouch et al 28 report enhancement of the ISO response in eNOS Ϫ/Ϫ but inhibition in nNOS Ϫ/Ϫ mouse myocytes. Although, unlike many gene deletion studies since, these authors did not find any difference in basal Ca 2ϩ transients and sarcomere shortening. Wang et al, 32 also found an increased response to ISO in eNOS Ϫ/Ϫ myocytes, although in this study a high concentration of 1 mmol/L ISO was used and the specific eNOS inhibitor L-N 5 -(1-iminoethyl)-ornithine had little effect on the ISO response of wild-type myocytes. In contrast, Martin et al, 33 describe enhancement of the contractile response to 100 nmol/L ISO in nNOS Ϫ/Ϫ and no significant difference in eNOS Ϫ/Ϫ mouse myocytes. Both nNOS and eNOS are Ca 2ϩ -dependent forms of NOS, and it is possible that the reduction in response that we observe in myocytes isolated during the active period is attributable to a Ca 2ϩ -dependent stimulation of nNOS, which is more highly expressed at this time. However, our data for the Ca 2ϩ current were collected in the presence of intracellular BAPTA to buffer [Ca 2ϩ ] i suggesting any modulating effect of the Ca 2ϩ current by nNOS was not Ca 2ϩ -dependent. ISO is a nonspecific ␤-adrenergic agonist, and ␤3-adrenergic stimulation is negatively inotropic, 22 involving a complex interaction with the SR and L-type Ca 2ϩ channel through NO-dependent pathways which have not been fully characterized. 27, 34 A link between ␤3-adrenergic receptor stimulation and NOmediated reduction in responsiveness to ␤1/2-adrenergic stimulation has been established in ␤3 Ϫ/Ϫ mice, but this was linked to eNOS, although it was not clear whether nNOS was also looked at in these studies. 22, 35 There is growing evidence for the presence of nNOS at the sarcolemma as well as the SR, and its involvement in the chronotropic effects of ␤3-adrenoreceptor stimulation has been shown. 36 However, it remains to be determined whether nNOS is also involved in the negative inotropism of ␤3 signaling in the heart.
Our data are not consistent with the reduced response of active phase myocytes to ISO resulting from residual adrenergic stimulation, as basal systolic [Ca 2ϩ ] i , SR Ca 2ϩ content and SERCA activity were all lower in these myocytes; however, receptor desensitization cannot be ruled out.
Diurnal Variation in ␤-Adrenergic Stimulation Influences Arrhythmic Response of Ventricular Myocytes to ISO
The circadian pattern of sudden cardiac death in patients with chronic heart failure peaks in the morning, and is suggested to reflect an increase in incidence of arrhythmias, 13, 14 possibly triggered by the peak in sympathetic activity. 15 High or sustained levels of sympathetic stimulation can lead to the development of ventricular arrhythmias linked to after depolarizations, 37 which are particularly evident in cardiomyopathies and appear to show diurnal variation. These take the form of either early afterdepolarization, resulting from reactivation of L-type Ca 2ϩ channels, and/or delayed afterdepolarization, resulting from spontaneous release of Ca 2ϩ by the SR. 37, 38 Not surprisingly, we found that myocytes develop arrhythmic activity when exposed to high concentrations of ISO comparable to the concentrations of epinephrine/norepinephrine achieved in rats during stress. Moreover, the propensity of myocytes to develop arrhythmic activity during ISO stimulation is significantly greater during the resting than active period, when they are more responsive to ISO. This increase in arrhythmic activity could reflect the greater SR Ca 2ϩ loading and/or the increased L-type Ca 2ϩ current density following ISO stimulation, resulting from a reduction in nNOS activity during the resting period.
The antiadrenergic effects of NO signaling have been suggested to prevent Ca 2ϩ -overload injury and prevent the induction of arrhythmias during maximal ␤-adrenergic stimulation. 39 Therefore, the high nNOS levels during the animals active period when sympathetic activity is highest and subject to surges, could act to reduce the incidence of arrhythmias during periods of high stress. It remains to be seen whether diurnal variation in nNOS signaling are also present in other species, including man.
Significance of This Study
Abnormal function of the intrinsic circadian clock and diurnal cycling of some cardiac genes has been observed to occur in pathophysiological conditions such as pressureinduced hypertrophy, myocardial ischemia and diabetes. 7, 40, 41 It is not clear whether diurnal variation in NOS and E-C coupling genes are altered in disease. However, if the diurnal variation in nNOS expression and activity that we have seen is altered in diseased myocardium, either blunted or advanced in time, this could render the heart prone to sympathetic-induced arrhythmias, because the normal surges in sympathetic activity are likely to still occur because of environmental cues such as daylight and activity. Interestingly, recent genome-wide association studies have identified the nNOS adapter protein NOS1AP (CAPON) as a regulator of cardiac repolarization 42 and that sequence variations in CAPON are associated with baseline QT interval and subsequent risk for sudden cardiac death. 43 It is possible that in addition to this genetic determinant of sudden cardiac death, a diurnal influence could result from nNOS signaling.
Limitation of This Study
Our findings that basal inotropy and responsiveness to ISO are greater during the resting period are at odds with the literature. For example, the diurnal variation in response to increased workload and epinephrine in mouse hearts was greatest during the active period. 20 However, this was in response to 1 mol/L epinephrine and HR was not controlled increasing from 300 to Ͼ500 bpm. At these very high frequencies LVDP in the working heart will be sensitive to ventricular relaxation and filling governed by the duration of diastole. Yamashita et al 44 have shown a trough in Kv4.2 expression in the resting period, which would increase the action potential duration and reduce diastolic interval at very high heart rates. This could mean that the hearts are less efficient at very high HR during the animal's resting period. Alternatively, this difference may simply reflect species and/or drug variation.
It is possible that diurnal variations in cellular chemistry render the cells more sensitive to modifications during the isolation process, which could account for some of our observations, or that the isolation process alters the intrinsic circadian clock. However, quantitative RT-PCR data show that the isolated myocytes exhibit similar cycling of the circadian genes; Clock and Per2 and of nNOS (Online Figure II) and the sensitivity to ISO is also observed in Langendorff perfused rat hearts. In addition, our cells do respond in a similar fashion as isolated tissue to many physiological stimuli (Online Data Supplement).
Our study looked at only 2 time points and therefore does not represent a complete picture of diurnal cycling. 16, 44 However, this study was designed to identify significant differences between active and resting animals. As such, these times represent periods when the animal's behavior has fully adapted to their active or resting state. In addition, we found no difference in the E-C coupling parameters measured in myocytes between 0 to 4 hours or 4 to 8 hours after isolation, suggesting that the intrinsic clock did not continue to influence gene transcription.
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Novelty and Significance
What Is Known?
• Many hemodynamic parameters exhibit strong dependence on time of day, peaking in the early morning when sympathetic activity is high.
• Sympathetic activity enhances ventricular function via ␤1-and ␤2-adrenoreceptor activation, but excessive sustained stimulation can induce arrhythmias.
• Sympathetic stimulation of ␤3-adrenoreceptors depresses ventricular function and protects against sympathetic driven arrhythmias.
What New Information Does This Article Contribute?
• In rat ventricular myocardium, the calcium transient and resulting contraction, as well as the response to isoproterenol, exhibit a strong dependence on the time of day.
• ⌻he increase in the calcium transient in response to isoproterenol is greatest during the resting period of the rat, which parallels diurnal variation in NO signaling.
• This variation in responsiveness of the rat ventricular myocytes to ␤-adrenergic stimulation increases the incidence of arrhythmic activity in response to sympathetic stimulation.
Whereas as many as 10% of rat cardiac genes have been shown to exhibit circadian variation, very little is known about their possible influence on excitation-contraction (E-C) coupling. We set out to determine whether the time of day impacts E-C coupling and its regulation by sympathetic stimulation. Paradoxically, our data show that the Ca 2ϩ transient responsible for contraction is larger, and the response to isoproterenol is also significantly greater, during the day, when the rat is at rest. This results from an enhanced Ca 2ϩ content of the sarcoplasmic reticulum. The increased response of the Ca 2ϩ transient to isoproterenol during the daytime is correlated with a decrease in neuronal NO synthase (nNOS) activity. This heightened sensitivity to ␤-adrenergic stimulation during the resting period of the rat resulted in a reduced arrhythmic threshold to isoproterenol. In man, the early morning prevalence of sudden cardiac death resulting from ventricular arrhythmias may reflect a delay in switching from this heightened sensitivity to sympathetic stimulation during wakening. Pharmacological targeting of the nNOS signaling pathway may prove useful in the management of life-threatening arrhythmias.
